The cone photoreceptor cyclic nucleotide-gated (CNG) channel is essential for central and color vision and visual acuity. Mutations in the channel subunits CNGA3 and CNGB3 are associated with achromatopsia and cone dystrophy. We investigated the gene expression profiles in mouse retina with CNG channel deficiency using whole genome expression microarrays. As cones comprise only 2 to 3% of the total photoreceptor population in the wild-type mouse retina, the mouse lines with CNG channel deficiency on a cone-dominant background, i.e. Cnga3 2/2 /Nrl 2/2 and Cngb3 2/2 /Nrl 2/2 mice, were used in our study. Comparative data analysis revealed a total of 105 genes altered in Cnga3 2/2 /Nrl 2/2 and 92 in Cngb3 2/2 /Nrl 2/2 retinas, relative to Nrl 2/2 retinas, with 27 genes changed in both genotypes. The differentially expressed genes primarily encode proteins associated with cell signaling, cellular function maintenance and gene expression. Ingenuity pathway analysis (IPA) identified 26 and 9 canonical pathways in Cnga3 2/2 /Nrl 2/2 and Cngb3 2/2 /Nrl 2/2 retinas, respectively, with 6 pathways being shared. The shared pathways include phototransduction, cAMP/PKA-mediated signaling, endothelin signaling, and EIF2/endoplasmic reticulum (ER) stress, whereas the IL-1, CREB, and purine metabolism signaling were found to specifically associate with Cnga3 deficiency. Thus, CNG channel deficiency differentially regulates genes that affect cell processes such as phototransduction, cellular survival and gene expression, and such regulations play a crucial role(s) in the retinal adaptation to impaired cone phototransduction. Though lack of Cnga3 and Cngb3 shares many common pathways, deficiency of Cnga3 causes more significant alterations in gene expression. This work provides insights into how cones respond to impaired phototransduction at the gene expression levels.
INTRODUCTION
The cone cyclic nucleotide-gated (CNG) channel plays a pivotal role in cone phototransduction, a process essential for central and color vision and visual acuity. In darkness or dim light, the channel is opened by cGMP, maintaining an inward current. Light induces a hydrolysis of cGMP, resulting in closure of the channel and hyperpolarization of the cell (1) . Structurally, the cone CNG channel belongs to the superfamily of voltage-gated ion channels. It is comprised of two structurally related subunit types, CNGA3 and CNGB3, of which the human genes are located in 2q11.2 and 8q21-q22, respectively. In a heterologous expression system, CNGA3 forms a functional channel, while CNGB3 does not form channels in the absence of CNGA3. However, co-expression of CNGA3 and CNGB3 forms heteromeric channels displaying a number of properties of typical * To whom correspondence should be addressed at: Department of Cell Biology, University of Oklahoma Health Sciences Center, 940 Stanton L. Young Blvd., BMSB 553, Oklahoma City, Oklahoma 73104, USA. Tel: +1 4052718001; Fax: +1 4052713548; Email: xi-qin-ding@ouhsc.edu native CNG channels (1, 2) . Biochemical characterization has demonstrated the interaction between CNGA3 and CNGB3 in the mouse cones and suggested a stoichiometry with three CNGA3 subunits and one CNGB3 subunit (3, 4) , similar to the rod CNG channel (3,5 -7) .
Naturally occurring mutations in CNGA3 and CNGB3 are highly associated with human (and canine) cone diseases including achromatopsia, progressive cone dystrophy and early-onset macular degeneration (8 -11) . Achromatopsia is a devastating hereditary visual disorder characterized by reduced conemediated electroretinographic responses, color blindness, visual acuity loss, pendular nystagmus, extreme light sensitivity, and daytime blindness, and it affects 1 in every 33 000 Americans. As the disease is primarily caused by mutations in CNG channel subunits, achromatopsia is often referred to as a 'channelopathy'. Indeed, 80 and 40 mutations have been identified in CNGA3 and CNGB3, respectively, and these mutations account for over 75% of achromatopsia patients (9, 10, 12) .
Loss of cone function and cone dystrophy has been documented in patients with CNG channel mutations by electrophysiological examinations and by optical coherence tomography studies (13) (14) (15) . The defective retinal phenotype has also been well characterized in Cnga3 2/2 and Cngb3 2/2 mouse models (16) (17) (18) . Cone function in Cnga3 2/2 mice was completely abolished (16, 19) , while Cngb3 2/2 mice retained residual cone light responses (18) (19) (20) . Cnga3 2/2 and Cngb3 2/2 mice showed early-onset, progressive cone degeneration characterized with apoptotic cell death which peaked between postnatal 15 and 30 days (17, 18 (19) . This work investigated the cellular responses at the gene expression levels in CNG channel-deficient retinas by microarray analysis. We tested our hypothesis that loss of CNG channel/cone function leads to alterations in pathways that are involved in modulating light response and cellular stress response in the retina. We used Cnga3 2/2 / Nrl 2/2 and Cngb3 2/2 /Nrl 2/2 mice, which allowed us to profile gene expression in a cone-dominant retina (cones comprise only 2 to 3% of the total photoreceptor population in the wild-type mouse retina). The cone-dominant Nrl 2/2 mouse line is a commonly used model for studies of cone cell biology and disease. NRL is a basic-motif leucine zipper transcription factor essential for the normal development of rods. Mice lacking the Nrl gene have no rods, but have increased numbers of S-cones, functionally manifested as a loss of rod function coupled with super-normal cone function (23) . Morphologically, Nrl 2/2 retinas have a conelike nucleus, short and disorganized outer segment, and a rosettelike structure (23, 24) . Electrophysiological studies on the isolated photoreceptors from Nrl 2/2 retinas demonstrate the expression of functional S-and M-opsins (25) , whereas analysis of retinal gene expression in Nrl 2/2 relative to wild-type mice by both whole genome expression microarray and the recently developed technology next generation sequencing confirms the transformation of rods into cones (26) (27) (28) (29) . Our analyses show that CNG channel deficiency differentially regulates expression of a wide range of genes that affect phototransduction cascade and cellular stress response, and such regulations play a crucial role(s) in retinal adaptation to impaired phototransduction. Though lack of each subunit affects gene expression differently and CNGA3 deficiency causes more significant gene alterations, defects of the two subunits indeed share many common alterations. This work sheds light on the understanding of the cellular adaptation in response to impaired cone phototransduction associated with CNG channel deficiency. (16) (17) (18) (19) (20) . The microarray data were compared between two classes of unpaired data to identify statistically significant differentially expressed genes at a 5% false discovery rate with a minimum 1. retinas, compared with the Nrl 2/2 controls (Fig. 2) . Of note, the two antibodies recognize proteins at slightly different sizes; the Santa Cruz antibody labels the protein band migrated at a position close to 50 kDa, whereas the Abgent antibody labels the band migrated at a position around 43 kDa. The reason for detection of two bands with two different anti-DRD4 antibodies is not known, but it might be associated with DRD4 polymorphic variants. The DRD4 polymorphic variants have been well characterized in human (31, 32) . The human DRD4 gene contains extensive polymorphisms consisting of variable numbers of tandem repeats in sequences corresponding to the third cytoplasmic loop of the protein, and about 27 different haplotypes encoding 20 different protein variants were documented (31, 32) . The DRD4 polymorphic variants have also been reported in nonhuman primates (33, 34) and several other species including canine (35 -38) , horse (39) and chicken (40) . To our knowledge, no research regarding DRD4 variants in mouse has been documented. A recent study investigating the influence of DRD4 gene on longevity in human and mice (41) implies a possibility of DRD4 variants in the mouse receptor. Here, we detected DRD4 at different sizes using two different anti-DRD4 antibodies, an observation favoring the presence of DRD4 variants in the mouse receptor. Nevertheless, Drd4 variants in mice merit further investigation. There were four genes encoding ion channels shown to be altered; one (Ttyh1, encoding a probable chloride channel) was shared by both genotypes. Among the three genes encoding kinases, Mpp6 was altered in both genotypes. There were 6 and 10 genes involved in transcriptional regulation altered in Cnga3 2/2 /Nrl 2/2 and Cngb3 2/2 /Nrl 2/2 retinas, respectively; none were shared. In contrast, among the four genes involved in translational regulation identified in Cnga3 deficiency, three (Eif4g2, Eif5 and Pabpc1) were shared. There were 11 genes involved in transportation of nutrients and related small molecules identified in Cnga3 2/2 /Nrl 2/2 retina ( 10%, 11 of 105) and 10 in Figure 1 . (Fig. 3B ) retinas at the threshold of P-value ,0.05. Table 4 shows a list of genes identified in the canonical pathways. Among these, six pathways, including phototransduction, cAMP-mediated signaling, PKA-mediated signaling, endothelin signaling, EIF2/EIF4 ER stress signaling and relaxin signaling, were shared by both genotypes, while pathways, including IL-1 signaling, CREB signaling in neurons, thrombin signaling and purine metabolism, were shown to be altered specifically in Cnga3 2/2 /Nrl 2/2 retinas. The phototransduction pathway had the lowest P-values (Fig. 3) . The ER stress pathway was identified as a regulated canonical pathway with the highest ratio (11%) (Fig. 3A) . (42) (43) (44) . Analysis of the mice following TUDCA administrations showed that the treatment significantly reduced levels of phospho-eIF2a and processing of caspase-7, and increased levels of cone opsin in Cnga3 2/2 /Nrl 2/2 mice, compared with the vehicle-treated controls (Fig. 4) . The levels of phospho-eIF2a and cleaved caspase-7 in TUDCA-treated Cnga3 2/2 /Nrl 2/2 mice were reduced to the levels seen in Nrl 2/2 mice (Fig. 4A, B and D) , and the levels of M-opsin and S-opsin in TUDCA-treated Cnga3 2/2 /Nrl 2/2 mice were increased by 30 and 15.6%, respectively, compared with the vehicle-treated controls (Fig. 4C, E and F) . These results demonstrated a role of ER stress in cone degeneration.
RESULTS

Differentially expressed genes in
IPA also showed many major biological function and disease categories shared in Cnga3 and Cngb3 deficiency. The top five categories identified by this software from the differentially expressed genes in Cnga3 2/2 /Nrl 2/2 retinas were genetic disorder, neurological disease, skeletal and muscular disorders, nucleic acid metabolism and small-molecule biochemistry, and the top five in Cngb3 2/2 /Nrl 2/2 retinas contain genetic disorder, neurological disease, skeletal and muscular disorders, cellular compromise and ophthalmic disease (see Supplementary  Material, Fig. S1 ).
Network analysis
We also performed network analysis to further understand the cellular responses to CNG channel deficiency. A number of networks that illustrate the interactions of products of differentially expressed genes relevant to Cnga3 and Cngb3 deficiency were generated using IPA. These networks revealed that the overall cellular processes that were altered in response to CNG channel deficiency mainly involve cell survival/death, functional maintenance and gene expression. Figure 5A shows the networks with the highest score in Cnga3 2/2 /Nrl 2/2 retinas. Known interactions of gene products are illustrated in the networks and microarray changes of 10 of these genes (Tob1, Khdrbs1, Casp7, Eif4g2, Gdi1, Krt18, Pabpc1, Hnrnpk, Rab6a and Rab5a) were validated by qRT -PCR (also see Fig. 1A ). The following gene products were detected as hubs: NFkB (AP8760C, B) . Shown are representative images of the western blot detections (upper panels) and densitometric analysis of the relative expression levels of DRD4 in Cnga3 2/2 /Nrl 2/2 , Cngb3 2/2 /Nrl 2/2 and Nrl 2/2 retinas (lower panels). Data are represented as means + SEM of measurements from four independent experiments using retinas from 4-5 mice. Unpaired Student's t-test was used for determination of the significance ( * , P , 0.05).
Common genes
Human Molecular Genetics, 2013, Vol. 22, No. 19 3911 complex (the nuclear factor kappa B complex, involved in cellular responses to stimuli such as stress, including those caused by cytokines, free radicals, oxidized lipids and infectious organisms) and FSH (the follicle stimulating hormone, involved in proliferation, development, growth and maturation). Figure 5B shows the networks with the second-highest score in Cnga3 2/2 /Nrl 2/2 retinas. The microarray changes of five genes (Drd4, Arr3, Gnaz, Gnao1 and Dlg4) were validated by qRT -PCR (see Fig. 1A ). The following gene products served as hubs: MAPK/ERKS, insulin, PKA, PKC, RAS and AP1. Similar to the identifications in CNGA3 deficiency, the top networks identified in CNGB3 deficiency illustrated the main functionalities including cell survival/death, gene expression and cellular function/maintenance. Figure 6 shows the networks with the highest score in Cngb3 2/2 /Nrl 2/2 retinas. Known interactions of gene products are illustrated in the networks and microarray changes of 10 genes (Drd4, Ednrb, Gkap1, Lgr5, Eif5a, Trib3, Gnaz, Hbp1, Casp7 and Arr3) were validated by qRT -PCR (see Fig. 1B ). The following gene products served as hubs: p38MAPK, AKT, NFkB complex, PKC, PDGFB (the platelet-derived growth factor subunit B), EGR1 (the early growth response 1), VEGF (the vascular endothelial growth factor) and Insulin.
DISCUSSION
This work investigated the gene expression profiles in Cnga3
2/2 / Nrl 2/2 and Cngb3 2/2 /Nrl 2/2 retinas in order to understand the cellular responses at the gene expression levels in CNG channel deficiency. The microarray analysis showed that Cnga3 and Cngb3 deficiency shared many differentially regulated genes and all shared genes had the same direction. Using a minimum 1.5-fold change between groups, a total of 105 altered genes were identified in Cnga3 2/2 /Nrl 2/2 and 92 in Cngb3 2/2 / Nrl 2/2 retinas, relative to Nrl 2/2 retinas, with 27 genes changed in both genotypes. These reflect only a portion of the overall differences detected. When a minimum 1.2-fold-change filter was used, 265 differentially regulated genes were identified in Cnga3 2/2 /Nrl 2/2 and 328 in Cngb3 2/2 /Nrl 2/2 retinas, with 114 genes being shared (see Supplementary Material, Tables S1  and S2 ). An example of such high sharing rates was seen in genes involved in translational regulation. Among the four genes identified (using a minimum 1.5-fold change), three (Eif4g2, Eif5 and Pabpc1) were shared by both genotypes. In contrast, comparing the genes differentially expressed in Cnga3 2/2 /Nrl 2/2 and Cngb3 2/2 /Nrl 2/2 retinas with the data from a mouse line with deficiency of an unrelated photoreceptor-specific gene, encoding the rhodopsin kinase (GRK1) (Grk1 2/2 /Nrl 2/2 mice) (45), we identified only 4 and 11 common genes, respectively. The similar regulation pattern of gene expression in Cnga3 and Cngb3 deficiency was also demonstrated by a number of shared canonical and functional pathways identified in the two genotypes. Hence, the neuroretinal cells responded quite similarly to Cnga3 and Cngb3 deficiency at the gene expression levels, which is in line with the function of the two proteins in cone photoreceptors.
Among the genes differentially downregulated in both genotypes were several photoreceptor-specific genes, including Arr3, Guca1a, Guca1b and Pde6b. This is consistent with the overall suppression/loss of photoreceptor function and photoreceptor degeneration. The downregulation of photoreceptor- retina (B). The Fisher's exact test was set at a P-value threshold of 0.05 and the ratio of a given pathway was obtained by dividing the number of genes by the total number of genes that make up the particular canonical pathway in Ingenuity Knowledge Database. Tables 1 and 2 , Fig. 1 ), confirming our previous finding of a reduced cone arrestin (encoded by Arr3) level in the channeldeficient retinas (19, 20) . The microarray and qRT -PCR data demonstrated that the reduced cone arrestin is caused (at least in part) by downregulation at the transcriptional level. It remains to be determined how Arr3 is downregulated in CNG channel deficiency. Is it related to deficiency of the two channel subunits specifically or a general response in an abnormal cone? As the downregulation of Arr3 was also identified in other mouse models of cone degeneration [including Rpe65 Fig. S2 ) suggests a response to impaired phototransduction rather than a consequence of photoreceptor degeneration. Nevertheless, we know little about Arr3 expression regulation, though an upregulation of Arr3 by retinoic acid was described previously in a cell culture system (50) . It is worth noting that only one photoreceptor-specific gene, Rcvrn (encoding recoverin), was found to be upregulated in Cnga3 deficiency (see Table 1 ). Recoverin binds to GRK1 and plays a key role in the inhibition of this enzyme and regaining function of rhodopsin. It is unclear whether the upregulation of Rcvrn detected in Cnga3-deficient retinas is associated with the downregulation of Arr3 in response to impaired cone phototransduction.
Using IPA software, we identified cAMP/PKA signaling as one of the significantly regulated canonical pathways shared in both Cnga3 and Cngb3 deficiency. The genes involved include Drd4, Gnao1, Adcy1, Atf4, and Ppp1cb (see Fig. 1 and Table 4 ). Drd4 was the most upregulated gene in Cnga3 2/2 / Nrl 2/2 and Cngb3 2/2 /Nrl 2/2 retinas. Upregulation of Drd4 was also shown at the protein level as detected by western blot analyses. To assure the detection of DRD4 (an integral membrane protein), we used two different antibodies and both antibodies gave a similar result (see Fig. 2 ). We also performed a heterologous expression experiment to determine the antibody specificity. In this experiment, plasmids harboring hDRD4 complementary DNA (cDNA) (kindly provided by Dr Marc Caron at Duke University) and control vectors were transfected into HEK293 cells and expression of DRD4 following transfection was examined by western blotting. The assays showed that the expression of hDRD4 was detected only in cells transfected with hDRD4 cDNA but not control vectors (see Supplementary  Material, Fig. S3 ). In the retina, dopamine is a retinal neuromodulator secreted from amacrine and interplexiform cells (51, 52) , and DRD4 receptors are expressed in the photoreceptor layer where they affect cAMP metabolism and gene expression (53, 54) . Activation of DRD4/cAMP/PKA pathway is known to modulate numerous ocular functions, including light and dark adaptation, circadian rhythms, retinal development and ocular growth (55) (56) (57) . It is worth noting that DRD4-mediated circadian oscillations in photoreceptors modulate CNG channel function, and circadian control of CNG channel function has been well studied in chick cones (58) (59) (60) (61) . The apparent affinity of the CNG channel for cGMP was significantly greater during the subjective night than during the subjective day, such that Arr3,Guca1a,Guca1b,Pde6b,Opn1sw,Rcvrn
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considerable changes in channel gating would be expected to occur at physiological concentrations of cGMP (60, 61) . Moreover, tyrosine phosphorylation of cone CNG channel was shown to be under the circadian control (62) . Based on these findings, one may presume that the loss of functional CNG channel/cone phototransduction renders a feedback effect on the DRD4-mediated signaling. In addition, the cAMP/PKA pathway has also been shown to be involved in photoreceptor degeneration caused by rhodopsin mutants or mis-localized phototransduction (63) , and to mediate the opsin mis-localization-induced rod reactive neuritic sprouting (64) . Whether the cAMP/PKA pathway plays a role in opsin mis-localization-induced cone death would be interesting to explore. The ER stress was identified as a regulated canonical pathway with the highest ratio (11%) in CNG channel deficiency (see Fig. 3 ). We recently showed the enhanced levels of ER stress marker proteins in Cnga3 2/2 /Nrl 2/2 and Cngb3 2/2 /Nrl 2/2 retinas (19). Hence, the ER stress in CNG channel-deficient mice occurs at both protein and gene expression levels. In this work, we further showed that alleviating ER stress by using chemical chaperone effectively decreased levels of ER stress markers and preserved cones (as shown by increased levels of cone opsin) in Cnga3 2/2 /Nrl 2/2 mice, demonstrating a role of ER stress in cone degeneration. The cellular mechanism(s) underlying the unfolded protein response and ER stress in CNG channel deficiency remain(s) to be elucidated. It likely involves an impaired calcium homeostasis and opsin mistrafficking/mis-localization (17, 21) .
Endothelin signaling was shown as another canonical pathway altered in CNG channel deficiency. The genes involved were Ednrb, Gnaz, Gnao1, Adcy1 and Casp7 (see Table 4 ), and Ednrb (encoding endothelin receptor type B, EDNRB) was the most upregulated (with highest fold-change) gene in Cngb3 2/2 /Nrl 2/2 retinas (see Table 2 and Fig. 1B ). Endothelin signaling from photoreceptors to activate EDNRB on Müller cells (the most abundant glial cells in the retina) is the major component of glial activation in response to photoreceptor stress or injury (65 -67) . Regardless of proximal causes, photoreceptor injury or disease almost invariably leads to the activation of Müller cells. Similar to other types of retinal degeneration animal models, Cnga3 2/2 mice display activation of Müller cells (manifested as enhanced glial fibrillary acidic protein labeling in the retinas (17)). Identification of a regulated endothelin pathway is consistent with the glial activation in the channel-deficient retina. Though glial activation is thought to limit or repair neuronal damage, excessive activation may inhibit regeneration and functional recovery (65, 68) . The functional significance of the endothelin signaling and glial activation in CNG channel deficiency merits further explorations. Of note, the androgen signaling pathway is among the other pathways identified in this work. To our knowledge, the role of androgen signaling pathway in photoreceptor degeneration has not been documented. However, a cross-talk between the androgen signaling and Wnt signaling pathway has been well recognized (69, 70) , and the latter is known to play a role in photoreceptor degeneration (71) . The examination of the androgen signaling pathway in degenerating retinas should be undertaken in the future.
Although lack of Cnga3 and Cngb3 shares many common differentially altered genes and pathways, deficiency of CNGA3 caused numerous alterations beyond those detected in CNGB3 deficiency. This is evidenced by the larger number of differentially expressed genes and many more regulatory canonical pathways identified in Cnga3 2/2 /Nrl 2/2 retina (26 pathways) compared with that in Cngb3 2/2 /Nrl 2/2 retina (9 pathways). The more striking response observed in Cnga3 2/2 /Nrl 2/2 retina corresponds to the more severe phenotype seen in these mice. Cnga3 deficiency leads to a complete loss of cone function, whereas mice lacking Cngb3 still retain residual cone light response (16, 18, 19) . Consequently, the cellular responses to deficiency of the two subunits are similar but distinct. Cnga3-deficient mice showed a faster cone degeneration, higher levels of ER stress and much more striking accumulation of cGMP, compared with that in Cngb3-deficient mice (17, 19, 20) . Indeed, studies have shown a trend of a more severe clinical phenotype in achromatopsia patients retinas, respectively; none were shared, suggesting a highdifferentially regulated transcriptional process in response to Cnga3 deficiency versus Cngb3 deficiency.
(ii) There were 11 genes involved in transportation of nutrients and related small molecules identified in Cnga3 2/2 /Nrl 2/2 retina and 10 in Cngb3 2/2 / Nrl 2/2 retinas; only two were shared, which may imply a highly regulated cellular transportation process in CNG channel deficiency with a substantial difference between deficiency of Cnga3 and Cngb3.
In summary, deficiency of Cnga3 and Cngb3 differentially regulates expression of a wide range of retinal genes with 25-30% of altered genes shared in both genotypes. Those that directly or indirectly affect cell processes such as phototransduction, cellular survival, cell function maintenance and gene expression play crucial roles in the retinal adaptation to impaired cone phototransduction. Though lack of Cnga3 and Cngb3 share many altered genes and signaling pathways, deficiency of Cnga3 indeed causes more significant gene alterations. This work sheds light on how cones respond to impaired phototransduction at the gene expression levels.
MATERIALS AND METHODS
Mice
The Cnga3 2/2 and Cngb3 2/2 mouse lines on a C57BL/6 background were generated as described previously (16, 18) . The (19) . All mice were maintained under cyclic light (12 h light-dark) conditions; cage illumination was seven foot candles during the light cycle. All animal maintenance and experiments were approved by the local Institutional Animal Care and Use Committee (Oklahoma City, OK, USA) and conformed to the guidelines on the care and use of animals adopted by the Society for Neuroscience and the Association for Research in Vision and Ophthalmology (Rockville, MD, USA).
Antibodies and other reagents
Affinity purified rabbit polyclonal antibodies against mouse M-opsin and cone arrestin were provided by Dr Cheryl Craft (University of Southern California, Keck School of Medicine). Rabbit polyclonal antibody against mouse S-opsin was provided by Dr Muna Naash (University of Oklahoma Health Sciences Center). Antibodies against DRD4 were purchased from Santa Cruz Biotechnology, Inc. Retinal RNA isolation, microarray assay and data analyses Five mice at P30 were used in each group. Retinas were collected at the same time of day (2:00 -3:00 pm) to avoid any circadian rhythm effects (73) . Total RNA was isolated from mouse retinas as described previously (18, 21) . Briefly, two retinas from a single mouse were stored in Trizol (Invitrogen, Carlsbad) as one sample immediately after their isolation and frozen at 2808C until use. Retinas were homogenized and total RNA was isolated using a PureLink TM RNA Mini kit (Invitrogen) following the manufacturer's instructions. RNA quality was verified by capillary gel electrophoresis (Agilent Technologies, Santa Clara, CA, USA).
RNA samples were labeled using an Illumina Total Prep RNA Amplification kit according to the manufacturer's directions (Invitrogen), hybridized to mouse Ref-8 version 2.0 Expression BeadChips (Illumina, San Diego, CA) and scanned using an Illumina iScan array scanner. Data from the scanner were obtained with GenomeStudio software (Illumina), quantile normalized (Matlab) and analyzed for differentially expressed genes between groups using a 5% false discovery rate (BRB-ArrayTools v 4.2.0 beta-2 release developed by Dr Richard Simon and BRB-ArrayTools Development Team, National Cancer Institute, Bethesda, MD, USA). The microarray results have been submitted to the Gene Expression Omnibus (reference series number: GSE40982). 
3916
Human Molecular Genetics, 2013, Vol. 22, No. 19
Ingenuity pathway analyses
All differentially regulated genes were imported into IPA (Ingenuity Systems, Redwood City, CA; www.ingenuity.com) for canonical pathway analyses and generation of networks. The data set containing all significant gene identifiers, along with the corresponding expression and significance values, was uploaded into the application. The significance of the association between the data set and the canonical pathway was measured in two ways. One is the ratio of the number of molecules from the data set that map to the pathway, which was obtained by dividing the number of genes identified with the total number of genes that make up the particular canonical pathway in Ingenuity Knowledge Database. The other one is Fisher's exact test (with a P-value threshold of 0.05) to determine the probability that the association between the genes in the data set and in the canonical pathway is explained by chance alone. For network generation, each identifier was mapped to its corresponding object in Ingenuity's Knowledge Base and overlaid onto a global molecular network developed from information contained in Ingenuity's Knowledge Base. Networks were then algorithmically generated based on their connectivity. The functional analysis of a network identified the biological functions, using a right-tailed Fisher's exact test (with a P-value threshold of 0.05) that was most significant to the molecules in the network.
Reverse transcription and quantitative real-time PCR (qRT -PCR)
A qRT-PCR was performed to validate microarray data as described previously (18, 21) . Briefly, cDNAs were prepared from RNA samples. Three micrograms of total RNA was reversetranscribed into first-strand cDNA using an oligo-dT primer and SuperScript III reverse transcriptase (Invitrogen) as per the manufacturer's instructions, and RNase H (Invitrogen) treatment was applied in all cDNA synthesis processes. The cDNA products were dissolved in DEPC-treated water at a final concentration of 10 ng/ml of cDNA and stored at 2208C before use.
The qRT-PCR assays were performed using fluorescence reagents (IQ TM SYBRw Green Supermix, Bio-Rad) and a thermal cycler platform (iCycler; Bio-Rad Laboratories, Hercules, CA, USA). Primers (see Supplementary Material, Table S3 ) used for qRT-PCR were designed to generate amplicons of 120-150 bp with similar melting temperature (T m ). The primer efficiency was determined and primers with efficiency at 90-105% were used in qRT-PCR assays. The cycling condition was 958C for 3 min, followed by 40 cycles of 958C for 15 and 588C for 40 s for quantification. The melting curve was calculated using one cycle of 958C for 1 s and 658C for 10 s × 70, followed by continuous acquisition at 958C and cooling at 48C. Melting curve analysis confirmed the absence of primer dimers. A relative gene expression value was calculated against the mouse neuronal housekeeping gene hypoxanthine phosphoribosyltransferase (Hprt) using a DDCT method as described previously (18, 74) .
Retinal protein sample preparation, SDS -PAGE and western blot analysis
Retinal protein sample preparation, SDS -PAGE and western blotting were performed as described previously (19, 75) .
Briefly, retinas were homogenized in homogenization buffer containing protease cocktail (Sigma Aldrich Co.). The homogenate was centrifuged at 1000g for 10 min at 48C to pellet down nuclei and cell debris. The supernatant of the homogenate was further centrifuged at 16 000g for 30 min at 48C to separate cytosolic (supernatant) and membrane fractions (pellet). Membrane protein concentration was measured using a Bio-Rad Protein Assay kit (Bio-Rad Laboratories). The membrane and cytosolic protein samples were solubilized in SDS-PAGE sample buffer and separated on 10% SDS-PAGE gel and transferred onto polyvinylidene difluoride membrane. After 1 h blocking in 5% milk containing Tris-buffered saline with 0.1% Tween (v/v) (TBST) at room temperature, the membranes were incubated with primary antibodies (anti-DRD4-sc-25649, 1:400; anti-DRD4-AP8760C, 1:500; anti-M-opsin, 1:2000; anti-S-opsin, 1:1000; anti-phospho-eIF2a, 1:500; anti-caspase-7, 1:250; anti-cone arrestin, 1:2000; anti-actin, 1:2000) overnight at 48C and washed with TBST three times and incubated with HRP-conjugated secondary anti-rabbit or anti-mouse immunoglobulin for 1 h at room temperature followed by three washes. Images were captured using a KODAK Image Station 4000R Digital Imaging System (Carestream Molecular Imaging, New Haven, CT, USA). Densitometry analysis was performed by quantifying the intensities of the bands of interest using KODAK Molecular Imaging software with b-actin as a loading control. Four independent western blot experiments were performed using retinas prepared from four to five mice.
TUDCA treatment
Treatment of mice with TUDCA was conducted as described by Zhang et al. (44) . Briefly, TUDCA (TCI America, 500 mg/kg, body weight) or vehicle (0.15 M NaHCO 3 , pH 7.0) was given to Cnga3 2/2 /Nrl 2/2 mice by subcutaneous injection every 3 days for 3 weeks, starting at P8. Retinas of mice were collected at the end of the experiments and analyzed for expression levels of cone opsin and phospho-eIF2a and for caspase-7 cleavage.
